Aims/hypothesis We examined the cross-sectional and longitudinal relationships between C-reactive protein (CRP), a marker of low-grade inflammation, and insulin resistance and whether the association was independent of obesity and oxidative stress. Results CRP showed a significant positive association with insulin resistance, both cross-sectionally and longitudinally (5 year follow-up). The estimated increment in HOMA-IR was 0.34 log e (pmol/l × [mmol/l]/156.25) (p value for trend <0.0001) in the highest vs lowest CRP quartiles in cross-sectional analysis, whereas the corresponding estimate was 0.12 (p trend <0.0001) in the highest vs lowest CRP quartiles longitudinally over 5 years. The gradient of HOMA-IR across CRP was attenuated but remained statistically significant after controlling for body fat measurements (0.06 in the highest vs lowest CRP in both crosssectional [p value for trend=0.001] and longitudinal analyses [p value for trend=0.01]), and was little changed by further adjustment for oxidative stress markers (F 2 -isoprostanes and oxidised LDL). There were consistent increments in the levels of HOMA-IR with increasing concentrations of CRP over time. In contrast, higher HOMA-IR did not predict future increases in CRP. Findings were similar using fibrinogen as the predictor variable. Conclusions/interpretation Although a substantial portion of this association was explained by obesity, CRP was independently related to concurrent and future insulin resistance.
Introduction ated with insulin resistance in prediabetic individuals, a relationship partially [1] [2] [3] or fully attenuated [4] by adjustment for obesity. No study, however, has yet reported the longitudinal relationship between low-grade inflammation and the development of insulin resistance, considering the role of adiposity and oxidative stress in this relationship. We explored whether previous cross-sectional findings were replicable in the longitudinal setting of the Coronary Artery Risk Development in Young Adults (CARDIA) study to better understand the underlying epidemiological pathways. In particular, we examined whether low-grade inflammation, measured by CRP, is an independent factor in the development of insulin resistance estimated by the homeostasis model assessment of insulin resistance (HOMA-IR) in a 5 year follow-up, controlling for body fat measurements and oxidative stress [5, 6] .
We hypothesised that CRP predicts increased HOMA-IR, partly mediated by level of adiposity, in non-diabetic middleaged adults. In order to strengthen the hypothesised direction of the relationship, we tested the reciprocal relationship to see if elevated levels of HOMA-IR predicted increased CRP. We also report prediction using fibrinogen, which is elevated in inflammation and is related to CRP.
Methods
Study population CARDIA is a four-centre, populationbased longitudinal investigation of lifestyle and other factors that influence the development of cardiovascular disease (CVD). It began in 1985-86 with a cohort of 5,115 black and white men and women aged between 18 and 30 years. Of these, 90%, 86%, 81%, 79%, 74% and 72% of the surviving cohort members were re-examined at years 2, 5, 7, 10, 15 and 20, respectively. In this analysis, we included all participants with CRP, fasting insulin, and fasting glucose measurements at years 7, 15 and 20. We excluded from our analysis those who had been diagnosed with diabetes, defined as ever having had a fasting glucose of ≥7 mmol/l or using glucose-lowering medication in years 0 to 20.
Measurements Self-reported demographic and lifestyle information was collected via standardised questionnaires during each examination. Body mass index was calculated as weight/[height (m)] 2 . Waist circumference (WC, cm) was measured halfway between the iliac crest and the bottom of the ribcage, with weight distributed equally on both feet.
To estimate the role of total body fatness in the association between CRP and HOMA-IR, race-and sex-specific estimates of per cent body fat (%fat) were, in all participants, computed based on dual energy x-ray absorptiometry performed in a subset at year 10 [7] equations that relied solely on skinfold thicknesses.
Blood was taken by venepuncture during each examination. Participants were asked to fast for 12 h and to avoid smoking and heavy physical activity for at least 2 h prior to the examination. Serum was separated by centrifugation, transferred into airtight vials and stored at −70°C until shipped on dry ice to a central laboratory. All variables were measured at year 15 unless stated otherwise HOMA-IR, oxidative stress markers and CRP were logarithmically transformed for the purpose of analysis, and geometric means and interquartile ranges are presented same laboratory [9] . A common protocol and qualitycontrol procedures were used for all examinations.
Statistical analysis HOMA-IR was calculated using the formula, as described by Matthews et al. [10] , which used the formula fasting plasma insulin (µIU/l)×fasting plasma glucose (mmol/l)/22.5. When insulin is expressed in SI units as pmol/l, the constant changes to 156.26. BMI and WC were set to missing at each examination at which a woman was pregnant. CRP concentrations greater than 10 mg/l were set to missing (possible acute inflammatory condition). Markers with skewed (non-normal) distributions, such as HOMA-IR, were logarithmically transformed to approximate normality. Cross-sectional associations were studied between year 15 CRP and year 15 HOMA-IR using multivariable generalised linear models (GLMs). Longitudinal associations were then studied between year 15 CRP as the independent variable of interest and year 20 HOMA-IR as the dependent variable, including year 15 HOMA-IR as an independent variable in the GLMs. Generalised linear mixed models were employed to examine the time patterns of HOMA-IR according to the concentration of CRP, adjusting for demographic and lifestyle factors. In these models, repeated HOMA-IR measurements at years 7, 10, 15 and 20 were regressed on time in categories of CRP variable, repeatedly measured at years 7, 15 and 20, shown in Fig. 1 . Parallel analyses used fibrinogen as the predictor variable of interest.
All observed cross-sectional and longitudinal associations were examined as a measure of goodness of fit of the repeated-measures model. To study whether the associations were detectable in the reverse direction, CRP concentration was used as the dependent variable predicted by HOMA-IR in the GLMs.
There were no significant interactions in the prediction of HOMA-IR between CRP and other covariates, including sex, race, smoking, alcohol consumption, physical activity or adiposity measurements. All analyses were performed with SAS version 9.1 (SAS Institute, Cary, NC, USA).
Results
At year 15 (2000-2001) , the mean age of the participants was 40 years, 56% were white, and 46% were men. Of the 3,022 participants with no missing data for CRP at year 15, those with higher CRP concentrations were more likely to be black, less educated and smokers (Table 1) . HOMA-IR, fibrinogen, both body fatness measures and oxidative stress markers increased with CRP concentration (Table 1) .
CRP at year 15 was strongly associated with CRP at years 7 and 20, with correlations of 0.51 and 0.61, respectively, and fibrinogen had a correlation of 0.5 with concurrent CRP (Table 2) . Tracking correlations for HOMA-IR ranged from 0.41 to 0.61 (Table 3 ).
In the cross-sectional analysis, year 15 CRP was a significant correlate of year 15 HOMA-IR, adjusting for demographic and lifestyle factors ( Table 4 ). The association between CRP and HOMA-IR was still evident after additional adjustment for adiposity measurements, although the differences in HOMA-IR between the quartiles of CRP were attenuated. Further adjustment for the biomarkers of oxidative stress (model 4) did not affect this association. The findings were similar in cross-sectional associations between year 7 CRP and year 7 HOMA-IR and between year 20 CRP and year 20 HOMA-IR (Table 5) .
The longitudinal analysis in Table 4 , in which the level of year 20 HOMA-IR was predicted, adjusting for year 15 HOMA-IR and demographic/lifestyle factors, showed a substantial independent increase in the estimates of evolving HOMA-IR with increasing concentrations of CRP (p<0.0001). After additional adjustment for the adiposity measurements, an attenuated positive association between CRP and HOMA-IR persisted. Adiposity measurements remain significant in the models adjusted for CRP (data not shown, p<0.0001). As year 15 HOMA-IR is included in the model, the dependent variable may be interpreted as the development of HOMA-IR between years 15 and 20. In addition, in examination of a possible feedback loop between CRP and HOMA-IR, the predictability of year 20 CRP from year 15 HOMA-IR was not statistically significant when controlling for demographic, lifestyle factors, body fat measurements and CRP, each measured in the same year as independent variables (regression coefficient 0.0129, p=0.7). As with CRP, fibrinogen was correlated with HOMA-IR cross-sectionally at years 7 and 20 (Table 5 ). Year 7 fibrinogen predicted the development of HOMA-IR from year 7 to year 20. Adjustment for body fatness attenuated these associations, which remained statistically significant for an 8 year follow-up period, but for 13 years follow-up. In joint models, both CRP and fibrinogen predicted HOMA-IR (data not shown). Figure 1 shows the time pattern of HOMA-IR according to the quartiles of CRP over time. There were consistent increments in the levels of HOMA-IR, with increasing categories of CRP at each examination. The levels of HOMA-IR consistently increased with time, except those with the lowest concentration of CRP. After adjustment for WC, these relationships weakened. However, the levels of HOMA-IR still increased consistently with increasing CRP over time.
Discussion
This large community-based study shows that CRP, a marker of low-grade inflammation, was associated with insulin resistance both cross-sectionally and longitudinally with the development of insulin resistance in a 5 year follow-up, even after accounting for adiposity measurements and oxidative stress markers. In addition, we observed these positive associations consistently over time in a sample of healthy adults with an average age range of 40-45 years. Given that the associations between CRP and insulin resistance were attenuated after adjustment for body fat measurements, adiposity may play an important role in the aetiological relationship between CRP and insulin resistance; however, a substantial part of this association was still not explained by obesity, pointing to CRP as an obesity-independent signal of other factors important in the development of insulin resistance.
Recent cross-sectional studies [1] [2] [3] have shown CRP to be positively associated with insulin resistance in non-diabetic individuals, presenting a significant role of obesity in this association. Our study results add further support for the current understanding that CRP is independently correlated with concurrent insulin resistance. In addition, consistent with recent findings, a novel finding of our study is that CRP predicted the development of subsequent insulin resistance, independent of obesity and oxidative stress, in healthy young people in a large community-based setting. Adding specificity to this finding, higher levels of HOMA-IR did not predict future CRP concentrations. Fibrinogen, which correlates with CRP and rises in low-grade inflammation, was similarly correlated with HOMA-IR. Conflicting results have been found regarding the role of obesity in the relationship of CRP with insulin resistance. Niehoff et al. [4] reported that the CRP was not significantly correlated with HOMA-IR after adjustment for markers of obesity. However, this study was limited by the uncertain temporality, given its cross-sectional design, and had a relatively small sample size of 364 study volunteers recruited in one study centre in Utrecht, the Netherlands; thus, the study results may have limited statistical power and representativeness. Another mechanism-the activation of inflammatory pathways by oxidative stress [5, 6] -has been suggested. Once the concentration of glucose is increased under hyperglycaemic conditions, it causes an excess production of reactive oxygen species in mitochondria, resulting in oxidative damage and inflammation [5] . In vivo studies have supported the finding that both cumulative NEFA and glucose induce inflammation through oxidative stress [6] ; however, our study results showed the relationship between CRP and insulin resistance was not fully explained by oxidative stress markers (oxidised LDL and F 2 -isoprostanes). Oxidative stress is a highly complex phenomenon, and our measures may not be sufficiently detailed to fully explain the role of oxidative stress in the association of chronic lowgrade inflammation in the development of insulin resistance. However, it is noteworthy that oxidised LDL is a strong predictor of future metabolic syndrome in CARDIA [8] . Thus, although insulin resistance has been thought to be fundamental in metabolic syndrome, we have here shown several ways in which these phenomena part ways.
Our study results confirm that adipose tissue may play an important role in the relationship between CRP and insulin resistance, showing that a substantial portion of this association was explained by body fatness measurements. It is consistent with the theory that adipocytes secrete proinflammatory cytokines (such as IL-6, TNF-α and IL-18), which were overproduced in the adipose tissue of obese individuals [11] [12] [13] [14] , and positively correlated with insulin resistance [12] [13] [14] . However, our results, as well as previous studies [2, 15] reporting an obesity-independent association that relates CRP and insulin resistance, imply that another pathophysiological pathway of obesityindependent inflammatory reaction may enhance insulin resistance among non-diabetic individuals. Little is yet known about the causes of this obesity-independent CRP association with insulin resistance. Additional research is warranted to examine the extent to which factors are linked with this pathophysiological pathway of obesity-independent inflammatory reaction and whether CRP is causal, for example through study of genetic factors [16] .
The present study has several strengths. No previous studies have examined the longitudinal associations between inflammation and insulin resistance, especially with the primary aim of exploring the underlying pathways for the effect of obesity in this association in large communitybased study. In addition, we were able to test our hypothesis over various time frames, confirming that this association was not affected much by period effects (population-wide changes over calendar time) or by age effects. We could confirm the findings using a related marker, fibrinogen. Furthermore, we tested prediction in the reverse direction and added to the specificity of our findings by showing that HOMA-IR did not predict future CRP.
A limitation of the study is that other adiposity measurements, such as total fat mass or per cent fat, were not measured for the entire group of study participants throughout the period of the study; thus, we could not estimate the effect of directly measured body fatness in the relationship of CRP with insulin resistance. In addition, the study was conducted only among black and white individuals; thus, the conclusions from this study may not be applicable to all populations. Finally, there could be residual confounding as in all observational studies, including the likelihood that we could not account through our existing anthropometric measures for all nuances related to obesity. The epidemiological measures may lack the specificity that would be required to make judgements about the causal pathways from obesity to the development of insulin resistance through inflammation.
In conclusion, our results show that increased circulating CRP is associated with current and future insulin resistance in early adult life. Although there was an obesity-independent association of CRP with insulin resistance, a substantial fraction of this association was explained by obesity. In addition, oxidative stress did not explain the remaining portion of this association after controlling for adiposity.
